A symbiosis-related lectin, SLL-2, from the octocoral Sinularia lochmodes, distributes densely on the cell surface of microalgae, Symbiodinium sp., an endosymbiotic dinoflagellate of the coral, and is also shown to be a chemical cue that transforms dinoflagellates into a nonmotile (coccoid) symbiotic state. SLL-2 binds to the sugar chain of the molecule similar to Forssman antigen pentasaccharide (GalNAcα1-3GalNAcβ1-3 Galα1-4 Galβ1-4Glc) on the surface of microalgae with high affinity. Here we report the crystal structure of the complex between SLL-2 and Forssman antigen tetrasaccharide (GalNAcα1-3GalNAcβ1-3 Galα1-4 Galβ) at 3.4 Å resolution. In an asymmetric unit of the crystal, there are two hexameric molecules with totally 12 sugar recognition sites. At 9 in 12 sites, the first and second saccharides of the Forssman antigen tetrasaccharide bind directly to galactopyranoside binding site of SLL-2, whereas the third and fourth saccharides have no interaction with the SLL-2 hexameric molecule that binds the first saccharide. The sugar chain bends at α-1,4-glycosidic linkage between the third and fourth saccharides toward the position that we defined as a pyranoside binding site in the crystal structure of the complex between SLL-2 and GalNAc. The structure allowed us to suggest a possible binding mode of the Forssman antigen pentasaccharide to SLL-2. These observations support our hypothesis that the binding of SLL-2 to the cell surface sugars of zooxanthella in a unique manner might trigger some physiological changes of the cell to adapt symbiosis with the host coral.
Introduction
Almost all tropical corals utilize the endosymbiotic dinoflagellates belonging to the genus Symbiodinium, which are collectively called zooxanthellae. Prolonged loss of zooxanthellae causes a phenomenon known as bleaching, which often results in the mass mortality of corals (Baker et al. 2008) . Therefore, the symbiosis between the corals and zooxanthellae is of particular importance in the lives of corals. In culture, free living Symbiodinium strains change their morphology in diel cycles; i.e., in the day time, the cells are in flagellated form and swim with circular movement, and at night, the cells transform into an immobilized coccoid form with the loss of flagella (Fitt et al. 1981) . The symbiotic forms of Symbiodinium cells captured in corals are in coccoid form, and diel cycles are not observed.
We previously identified a galactosyl glycan binding lectin from a coral Sinularia lochmodes, SLL-2, which was densely localized on the cell surface of Symbiodinium within the coral tissue (Jimbo et al. 2000; 2005) . SLL-2 effectively suppressed the diel cycle of the Symbiodinium strain (CS-156) without any adverse effects on the cell division (Koike et al. 2004) . We have examined several of the SLL-2 physiological properties and activities of SLL-2 on the cells, e.g., the lectin is purified as a mixture of three isolectins 2b, 2c) , and has an apparent molecular mass of 122 kDa based on gel filtration (Jimbo et al. 2000; 2005) . We also found that SLL-2 has a high affinity for the Forssman antigen pentasaccharide (GalNAcα1-3GalNAcβ1-3 Galα1-4 Galβ1-4Glc) by frontal affinity chromatography . The proteins that bind to the Forssman antigen, such as Helix pomatia agglutinin (HPA) (Sanchez et al. 2006; Lescar et al. 2007 ) and the anti-Forssman glycosphingolipid antibody, also bound to and induced physiological changes in CS-156 cells. The effects on CS-156 of HPA were similar to those of SLL-2, while in the case of anti-Forssman glycosphingolipid antibody, suppressive effects (reducing the rate of cell division) were revealed. Another Forssman antigen binding lectin, Dolichos biflorus agglutinin (DBA), did not affect the cells. These observations suggest that the Forssman antigen-like glycolipid on the surface of the algae is a putative site for lectin binding, and the higher-order structural factors are involved in the peculiar biological activities of the lectin.
We have determined the crystal structures of SLL-2 and SLL-2 complexed with GalNAc (SLL2-GalNAc) as the first structures of a coral lectin related to its symbiosis (Kita et al. 2015) . Three protomers of SLL-2 form a trimer, and two trimers of SLL-2 further assemble to form a pseudo-intertwined hexameric structure. The Nglycosylation site at Asn60, galactopyranoside binding site (site-1), and at least one pyranoside binding site (site-2) are located at the clefts between the monomers (Supplementary data, Figure S1 ). Due to the hexameric structure with a pseudo-3-fold axis, three site-2s are on the same face of SLL-2 molecule. From these structures, we proposed the Forssman antigen pentasaccharide binding model in SLL-2.
Here, we report the crystal structure of the complex between SLL-2 and Forssman antigen tetrasaccharide (GalNAcα1-3GalNAcβ1-3 Galα1-4 Galβ, abbreviated as FSM4) at 3.4 Å resolution. This is the first report for the structure of a complex between lectin and the Forssman antigen molecule consisting of more than three saccharides. The crystal structure, which shows the binding manner of FSM4, enables us not only to propose the possible binding mode of the Forssman antigen pentasaccharide to SLL-2, but also to discuss the interactions between SLL-2 and the cell surface sugar chain of the dinoflagellates.
Results and discussion
The overall protein structure of SLL-2 complex with FSM4 (SLL2-FSM4, Figure 1A ) is quite similar to those of SLL-2 or SLL2-GalNAc ( Figure 1B) (Kita et al. 2015) , with root mean square deviations for cα atoms of 0.9 Å and 0.8 Å (average values), respectively.
The asymmetric unit of the SLL2-FSM4 crystal contains two hexameric molecules ( Figure 1C ). Two SLL2-FSM4 hexameric molecules are packed in an asymmetric unit with a T-shaped arrangement. One SLL2-FSM4 hexameric molecule, which constructs the a-b plane of the crystal, forms the horizontal axis of the T-shape in an asymmetric unit ( Figure 1C , the molecule colored blue), and the other hexameric molecule, which contributes to construction of the a-c plane of the crystal, forms the vertical axis of the T-shape ( Figure 1C , the molecule colored green). There are only a small number of interactions that contribute to the molecular packing at the free side of the later molecule ( Figure 1C , the red circle), in that the major protein-protein interaction is only the Trp84-Trp33' (prime denotes the adjacent monomer) edge-to-face interaction ( Figure 1D ). The residue of Trp84 is conserved in all isomers, but the Trp33 is contained only in the SLL-2a and 2b isomers (Jimbo et al. 2000) . Few interactions and the sequence diversity might make the crystal packing unstable. In fact, this region shows highest B-factors, whereas T-junction region shows lowest values.
In the SLL2-FSM4 crystal structure, the electron densities of the first two N-linked sugars (N-acetylglucosamine (GlcNAc)-GlcNAc) are barely observed in each Asn60 of two hexameric molecules, and the electron densities corresponding to FSM4s are visible in 10 of the 12 saccharide binding sites. Almost common features are observed at nine of the 10 saccharide binding sites. At six of the nine FSM4 binding sites, clear electron densities are observed, and at three sites, weak electron densities are observed ( Figure 2A and Supplementary data, Figure S2 ). In these common nine binding sites of saccharides that adopt the major conformation of FSM4 in the SLL2-FSM4 crystal, the position of the first saccharide (α-GalNAc) binding site is the same as that of the GalNAc binding site (denoted as site-1) in SLL2-GalNAc complex (PDB code: 3WMQ, Kita et al. 2015) , and those of the first and second saccharides binding sites are almost the same as those of the HPA-Forssman antigen disaccharide complex (PDB code: 2CGY, Lescar et al. 2007 ). The interactions within 4 Å between SLL-2 and the first saccharide (α-GalNAc) are similar to those observed in SLL2-GalNAc complex structure: Nε1 (Trp78)-O3 (α-GalNAc), Nε (Arg58)/Nε1 (Trp78)/Oδ1 (Asp50')-O4 (α-GalNAc), Nε and Nη2 (Arg58)-O5 (α-GalNAc), and Nδ2 (Asn56)/Nε (Arg58)/Oδ2 (Asp50')-O6 (α-GalNAc) (Figures 2A and B) . Due to the bulky sugar groups of FSM4, the side chain of Trp18', which interacts with the galactopyranoside ring when a mono-galactose derivative is bound to site-1 (Kita et al. 2015) , flips toward the outside of the cleft.
The second saccharide (β-GalNAc) can interact with the SLL-2 protein directly: OH (Tyr79)-O6 (β-GalNAc) and Nε1 (Trp18')-O7 (β-GalNAc) ( Figure 2B ). The α-1,4-glycosidic linkage between the third and fourth saccharides (α-and β-galactose) contributes to the bending of the FSM4 molecule. The third and fourth saccharides of FSM4 in the major conformation do not interact with the SLL-2 protein that the first saccharide binds to, but with the neighboring molecules. Thus, protein-FSM4 interactions also affect the SLL2-FSM4 crystal packing. Noteworthy, one of the nine β-galactoses (the fourth saccharide of FMS4) makes interaction using its α-face with the side chain of Trp33 belonging to neighboring hexameric molecule in the crystal packing in a face-to-face manner ( Figure 2C ). This interaction is consistent with the previous report that interactions between the sugar ring and π-cloud of aromatic residues are favored (Weis and Drickamer 1996) , and the β-D-galactose is thought to preferably form the CH/π interactions using the nonpolar surface of its α-face, which is formed by C(1)-H, C(3)-H, and C(5)-H, and C(4)-H and one of the C(6)-H atoms (Hudson et al. 2015) .
One of the 10 FSM4 binding sites holds the FSM4 molecule, but in a different conformation from the other nine FSM4s due to steric hindrance, in which the third saccharide (α-galactose) binds to site-1, and the first and second saccharides (α-GalNAc and β-GalNAc) extend toward the N-linked sugars ( Figure 2D ). The third saccharide interacts with SLL-2 in a similar manner as the first saccharide of the other nine FSM4s (Figure 2E ). In the cleft continuing from site-1 that holds the third saccharide (α-galactose), the position corresponding to site-2, which is an undefined pyranoside binding site in the SLL2-GalNAc complex, is occupied by an undefined electron density ( Figure 2E ). When the FSM4 molecule with the binding manner of the other nine binding sites is superimposed onto this site, the fourth saccharide (β-galactose) of the FSM4 can link to the electron density at site-2 reasonably ( Figure 2E ).
At one FSM4 binding site, the electron density was observed not suitable for the FSM4 but for a monosaccharide, with the flipping of the Trp18' side chain toward the inside of the cleft. A galactose molecule, which would be a part of N-linked sugars or may be from the purification process, is tentatively fitted to the electron density ( Figure 2F ). The galactose molecule was also observed in the structure of SLL-2 (PDB code: 3WMP) (Kita et al. 2015) . The position of the galactopyranoside was slightly altered from that of SLL2-GalNAc, and the observed electron density for Tyr79 showed a rotation around the cα-cβ bond as compared to those of other Tyr79 residues in the SLL2-FSM4 or SLL2-GalNAc structures. The effect of steric hindrance of the neighboring FSM4 molecule would result in an alteration in saccharide binding and in the conformation of the 79th amino acid residue.
At the remaining FSM4 binding site, it is difficult to hold the FSM4 molecule in manners as 10 FSM4s binding sites. When FSM4 binds in the same manner as for major nine binding sites, the third and fourth saccharides collide with symmetry-related FSM4 molecules, and when FSM4 binds in a manner that the third saccharide binds to site-1, the first saccharide would collide with the N-linked sugars of the neighboring SLL-2 molecule that would occupy this space. Instead of saccharides, an undefined electron density, in which we tentatively located one water molecule, was observed at site-1 ( Figure 2G ). This is the first evidence that FSM4 binds to SLL-2 where the first α-GalNAc in the similar mode with GalNAc in SLL2-GalNAc. From these results, we can propose a possible model of the binding of the Forssman antigen pentasaccharide to SLL-2 as follows. The first to fourth saccharides bind in a manner similar to that observed in the nine common FSM4 binding sites of the SLL2-FSM4 crystal structure, and the fifth saccharide (α-glucose) that follows the fourth saccharide would bind to site-2. Due to the mixture of isoproteins, an amino acid sequence divergence exists among the residues composing site-2 (Asp52, Asn/Ser53, Ser/Thr54, and Asn56) (Jimbo et al. 2000) . The flexibility of the third and fourth saccharides of FSM4, which have no interaction with SLL-2 protein residues, might make it easier for the fifth saccharide to attach to site-2 that holds nonuniformity. Our previous studies showed that HPA has similar biological activities against zooxanthellae to those of SLL-2 . The fact that the Forssman antigen disaccharide binds to HPA in the same manner as the first and second sugars of FSM4 in the SLL2-FSM4 suggests that the binding manner of Forssman antigen pentasaccharide and HPA might be analogous to that of SLL-2. The amino acid residues in HPA corresponding to the residues composing the site-2 in SLL-2 are Glu57, Gln58, Ser59, and Asn61. Except for the size, these residues are similar in properties to those of SLL-2. The variety of site-2 composing residues among SLL-2a, 2b, 2c, and HPA suggests that site-2 can attach to the monosaccharide with low specificity, and the role of the site-2 might be to guide the fifth saccharide of pentasaccharide to its proper position. The structure observed here allowed us to extend our speculation that SLL-2 would bind to the surface of dinoflagellate cells including several different clades of Symbiodinium spp. presumably through binding to oligosaccharide on the algal cell surface. However, the physiological outcomes differ between species or even clade in the same species (Koike et al. 2004) . Our data predict that the algal ligands that interact with SLL-2 protein might be analogous to Forssman antigen-like sugar, with structural requirement tight for the first and second but relatively loose for third and fourth saccharides. The flexibility of the third and fourth sugars might also confer the wide reactivity of the lectin to various microalgae.
This unique binding manner of the pentasaccharide chain to SLL-2 might be a key to the biological activity of SLL-2. SLL-2 is supposed to interact with specific cell surface glyco-receptor to transform zooxanthellae cells from the motile form to the coccoid form through interactions with oligosaccharide on the cell surface . To utilize the three sugar binding sites assembled on the same face, the SLL-2 protein would be oriented in the manner in which the top or bottom surface of SLL-2 is oriented toward to the cell surface. This orientation would assemble the multiple saccharide chains and molecules which connect to the saccharide chains. The occurrence of Forssman antigen-like sugars with different physiological outcomes would contribute to select the symbiosis partner strictly, and the structure, which contains two sugar binding surfaces at top and bottom of the SLL-2 hexameric molecule, might enhance the opportunities to interact with sugar chains on the surface of dinoflagellate. Therefore, it is of great interest to identify the cellular ligand of SLL-2 and analyze its sugar chain structure. Such study would facilitate further understanding of lectin-mediated chemical cues in the symbiosis between coral and dinoflagellate. Identification and characterization of lectin binding molecules in the surface of zooxanthellae is now in progress in our laboratory.
Materials and methods

Protein purification and crystallization
The SLL-2 protein sample was obtained from S. lochmodes, and the FSM4 was synthesized, as described in previous reports (Jimbo et al. 2005; Tanaka et al. 2013) . Purified protein solutions were dialyzed against 50 mM Tris-Cl (pH 8.0). FSM4 was dissolved in H 2 O, and mixed into a protein solution in a 10-fold excess with SLL-2. After an overnight incubation at 4°C, the solutions of the complex between SLL-2 and FSM4 (SLL2-FSM4) were dialyzed against 50 mM TrisCl (pH 8.0) and concentrated to 20 mg/mL using a micoroconcentrator (microcon 10; Amicon). The crystallization was performed by the siting-drop vapor diffusion method at 20°C. Crystals were obtained from a 1:1 mixture of the protein solution and precipitant solution (10% PEG 8000, 0.2 M calcium acetate in 0.1 M imidazole buffer (pH 8.0)). Crystals belonged to the space group P2 1 2 1 2 1 , with cell dimensions of a = 96.5 Å, b = 99.9 Å, c = 273.9 Å.
Data collection, structural determination, and refinement
The crystals of the complex between SLL-2 and FSM4 (SLL2-FSM4) were flash-cooled under a nitrogen-gas stream at 100 K using glycerol solution as cryoprotectant. Diffraction data of the SLL2-FSM4 crystals were collected using synchrotron radiation with an ADSC Q270 CCD-detector on a beamline station of the BL-17 A beamline at the Photon Factory (Tsukuba, Japan). The diffraction data were processed using the program suite HKL2000 (Otwinowski and Minor 1997) . The crystal structure of the SLL2-FSM4 complex was determined by the molecular replacement method with the program Molrep (Vagin and Teplyakov 1997) in the CCP4 package (Winn et al. 2011 ) using the coordinates of hexameric protein structure of SLL-2 complex with GalNAc (3WMQ) (Kita et al. 2015) without saccharides. All structure refinements and manual model fitting were carried out using the programs CNS (Brunger et al. 1998) and TURBO-FRODO (Roussel and Cambillau 1991) . After rigid body and simulated annealing refinements, the crystal structure of protein in SLL-2-GalNAc complex (3WMQ) was replaced to each monomer which consist the trimer at the free side of the vertical axis of the T-shaped molecular assortment (chain ID: J, K, and L), because of the poor electron density of this portion. After modifying the conformations of aromatic side chains of Trp18 and Tyr79, which are located on the molecular surface, the minimization and b-group refinements where atoms of main and side chains are separately grouped, were performed. The molecular models were drawn using the PyMOL Molecular Graphic System program (Version 1.2r3pre, Schrodinger, LLC) unless otherwise stated. The structural validation of the model was done with the program MolProbity (Chen et al. 2010) . Data statistics are summarized in Supplementary data, Table SI .
PDB references
The atomic coordinates and structure factors of the SLL2-FSM4 have been deposited in the Protein Data Bank, with the accession code of 5X4A.
